Abstract Many of the hydrological and ecological functions of alluvial flood plains within watersheds depend on the water flow exchanges between the vadoze soil zone and the shallow groundwater. The water balance of the soil in the flood plain is investigated, in order to evaluate the main hydrological processes that underlie the temporal dynamics of soil moisture and groundwater levels. The soil moisture and the groundwater level in the flood plain were monitored continuously for a three-year period. These data were integrated with the results derived from applying a physically-based numerical model which simulated the variably-saturated vertical water flow in the soil. The analysis indicated that the simultaneous processes of lateral groundwater flow and the vertical recharge from the unsaturated zone caused the observed water table fluctuations. The importance of these flows in determining the rises in the water table varied, depending on soil moisture and groundwater depth before precipitation. The monitoring period included two hydrological years (September 2009-September 2011. About 13% of the precipitation vertically recharged the groundwater in the first year and about 50% in the second. The difference in the two recharge coefficients was in part due to the lower groundwater levels in the recharge season of the first hydrological year, compared to those observed in the second. In the latter year, the shallow groundwater increased the soil moisture in the unsaturated zone due to capillary rise, and so the mean hydraulic conductivity of the unsaturated soil was high. This moisture state of soil favoured a more efficient conversion of infiltrated precipitation into vertical groundwater recharge. The results show that groundwater dynamics in the flood plain are an important source of temporal variability in soil moisture and vertical recharge processes, and this variability must be properly taken into account when the water balance is investigated in shallow groundwater environments.
INTRODUCTION
Flood plains play a key role in watershed hydrology because, through a series of hydrological and ecological processes, they control the linkage between the hillslope and channel domains in lowland environments. These include regulating the runoff processes (Jayatilaka and Gillham 1996 , Butturini et al. 2002 , Krause and Bronstert 2007 , temporary water retention during flood events (Burt et al. 2002, Chen and Chen 2003) and attenuating the nutrient and pollutant loads through biogeochemical transformations (Andersen 2004 , Vervier et al. 2009 ). In recent years the flood-plain areas of many anthropized watersheds have been modified by changes in land use and more intensive farming, and this has greatly altered their water balance and hydrological and ecological functions. There has been a resulting degradation in the state of the water bodies, such as rivers and lakes, which are connected to the hydrogeological dynamics of flood plains (Niedda and Greppi 2007, Niedda and Pirastru 2012) .
Alluvial flood plains commonly have unconfined shallow aquifers. Many hydrological and ecological functions are the result of water flow exchanges between the vadose soil zone, the shallow groundwater and the rivers (Joris and Feyen 2003, Jung et al. 2004) . The intensity of these interactions is directly linked to the spatial and temporal dynamics of the groundwater table, which is due to the water balance in the complex aquifer-soilvegetation-atmosphere system. The water table depth is affected by the vertical recharge through the unsaturated soil, determined by the precipitation infiltrated into the topsoil (Burt et al. 2002 , Lu et al. 2011 ). Chen and Hu (2004) and Luo and Sophocleous (2010) showed that the shallow groundwater has a primary role in maintaining a high soil moisture, and in sustaining the evaporation fluxes and the crop-water use. In turn, water consumption due to plant transpiration and soil evaporation induces appreciable daily water table fluctuations in shallow groundwater (Healy and Cook 2002, Loheide et al. 2005) , as well as marked seasonal water table recession in the dry seasons (Butturini et al. 2002) . The vertical groundwater recharge plays a primary role in the eco-hydrology of flood plains, because it is the driving force responsible for transporting contaminants, nutrients and pesticides to the water table. Moreover, as described in Sophocleous (2002) , the vertical recharge also contributes to rapid streamflow generation, inducing high hydraulic gradients in the nearby stream zones. Hence, the study of the vertical recharge mechanism, and the factors that control it, is crucial for understanding the water dynamics in flood-plain aquifers, and for subsequent sustainable watershed management.
This paper focuses on investigations into the main hydrological processes involved in the soil water balance of an alluvial flood plain with a shallow water table, in northwest Sardinia, Italy. The meteorological variables, the soil moisture content in a vertical profile and the fluctuations in groundwater levels in a piezometer were observed during a threeyear period, in order to gain knowledge about the processes involved. The work aims to:
-identify the main hydrological processes which underlie the observed dynamics of soil moisture and groundwater levels; -quantify the vertical groundwater recharge and the lateral groundwater flow, assessing their importance in determining the observed groundwater fluctuations; and -evaluate the impact of the time-varying groundwater depth on the annual vertical recharge.
In order to achieve these objectives, the analysis of the observed field data was integrated with information from a physically-based numerical model based on the one-dimensional (1D) vertical Richards equation, which simulates the flow in the variably-saturated soil. This model uses the observed data for the initial and boundary conditions, and for calibration and validation. The simulation results were used to evaluate the components of the soil water balance, and to calculate the contribution of precipitation to the vertical groundwater recharge.
MATERIALS AND METHODS

The experimental site and the monitoring scheme
The experimental site is located in the shallow, unconfined, flood-plain aquifer of the Baratz Lake watershed, in the northwest of Sardinia, Italy ( Fig. 1(a) ). This lake was included in the list of Sites of Community Importance in the NATURA 2000 network, and in recent years has suffered from hydrological and ecological degradation. This is due to climate changes and the conversion of some parts of the basin from shrubland and forest to agriculture. The Baratz Lake watershed is about 12 km 2 in area, and varies in height from 410 m to 20 m a.s.l. The mean annual precipitation is about 600 mm, which falls mainly from autumn to spring, feeding ephemeral streams that extend from almost up to the watershed line division to the lake. The experimental site is in a valley with a 7.2 km 2 upstream catchment, at an elevation of 48 m a.s.l. Here, the flood plain is about 50 m wide. The surface morphology is flat with a soil cover of annual grass, and on the sides of the flood plain there are steep slopes covered with dense Mediterranean maquis. The flood plain is split almost equally into two by the incised channel of the main tributary of the lake, whose bed is about 1.6 m lower than the surrounding ground, which is enough to contain the flow of water inside the river banks, even during major flow peaks. The soil at the experimental site is sanddominated alluvial material and about 3 m thick. Inspection of the vertical soil profile showed that there are four horizons, and these can be distinguished by colour and hardness. The characteristics of the sediment are summarized in Table 1 and indicate that near the surface there is a sandy loam layer, about 0.5 m thick. This overlies a loam layer and then about 1.1 m down there is a more sand-rich sediment. Between 2 and 7% of the soil is organic matter, with the highest organic content observed near the surface and in the loam horizon.
In January 2009, as part of wider investigations on the water balance components of Baratz Lake catchment area, described in detail in Niedda and Pirastru (2012) and Niedda (2004) , instruments were installed at the site, a few metres away from the incised stream, to automatically monitor the meteorological variables, soil moisture and groundwater table levels, as shown in Fig. 1(b) and (c). The rainfall was measured with a tipping-bucket raingauge. Air temperature, relative humidity, wind velocity and net solar radiation measurements were taken by an automatic weather station. These data were used to calculate the hourly reference crop evapotranspiration rate ET 0 (mm h -1 ), using the FAO Penman-Monteith method (Allen et al. 1998) . Close to the weather station, the soil water content was measured with four TDR probes (CS216 water content reflectometers, Campbell Scientific, Inc.) inserted horizontally at depths of 0.25, 0.5, 0.75 and 1 m, and calibrated by comparison with gravimetric soil moisture measurements of core samples. All automatic measurements were executed every 5 minutes, and were logged at the same time by a CR1000 Campbell Scientific Inc. datalogger. Groundwater level fluctuations were monitored on a piezometer by a pressure transducer (Schlumberger mini-diver), situated 3 m away from the weather station. These automatic readings were compensated for by the barometric pressure fluctuations, which are also measured at the weather station, and were recorded every hour.
Governing equations
We assumed that the water movement in the unsaturated soil profile is predominantly vertical and can be described using the mixed-form of the 1D vertical Richards equation (Romano et al. 1998 , van Dam and Feddes 2000 , Pirastru and Niedda 2010 :
where θ is the soil water content (cm 3 cm -3 ); h is the water pressure head (cm); t is the time (s); K is the hydraulic conductivity (cm s -1 ); z is the vertical coordinate (positive upward) (cm); S w is root water extraction (cm 3 cm -3 s -1 ); and E sur is evaporation from the top soil surface (cm 3 cm -3 s -1 ). The numerical solution of the Richards equation requires estimation of two hydraulic functions, namely the soil water retention curve, θ (h), and the hydraulic conductivity function, K(h). The model uses the Van Genuchten (1980) parametric functions to describe the soil's hydraulic characteristics:
where θ s and θ r are the saturated and the residual soil moisture content (cm 3 cm -3 ), respectively; α (cm -1 ), n (-) and m (-) are shape factors that depend on soil type; K s is the saturated hydraulic conductivity (cm s -1 );
S e is the effective soil saturation (cm 3 cm -3 ); and l is the tortuosity parameter (-). The evaporation from the soil surface and the transpiration by plant roots were obtained by splitting the reference crop evapotranspiration into two components, the potential soil evaporation and the potential plant transpiration, by means of a coefficient veg (-) which accounts for the fraction of surface vegetation cover. Evaporation from the soil surface was then calculated by a simple linear method (Chen and Hu 2004) :
where θ sur is the water content at the top soil surface; and θ fc and θ w are water evaporation thresholds. Water uptake by plants was obtained from the crop transpiration TR c (cm s -1 ), derived from:
where K co is a dimensionless crop coefficient which incorporates the effect of the actual crop on transpiration (Allen et al. 1998) . In each layer of the soil profile that contained roots, the reduction of root water uptake was computed as a function of the soil water pressure head, using a dimensionless plant water stress term r s (h), given by (Feddes et al. 1976) :
where h ns , h d and h w are tension stress thresholds. It was assumed that plant roots are exponentially distributed with depth, in the following relationship:
where L rd (cm) is the depth above which 63% of plant root density is located. Finally, the crop transpiration TR c was removed from the soil by normalizing the water stress function, so that the sink term S w at a given depth and for a prescribed water pressure head was defined as:
where L r is the thickness of the root zone.
Numerical solution
Variably-saturated water flow (equation (1)) in the soil domain was solved numerically by means of a finite difference scheme using a fully implicit time (backward Euler) approximation and a standard implicit finite difference space approximation. This resolution scheme ensures a good numerical stability and a good mass balance closure for the range of unsaturated and saturated conditions observed in the field (Celia et al. 1990, van Dam and Feddes 2000) . Computed nodal soil moisture and pressure head values were used to determine water stress functions (equations (5) and (7)), and actual soil evaporation and plant transpiration were calculated. The model, which was implemented in FORTRAN language, was applied to the unsaturatedsaturated soil profile of the study site, from the ground surface (z = 0) to a depth of z = -250 cm, so as to include all observed water table fluctuations. The vertical profile was divided into four horizontal layers, based on the observed layers of material in the field. The thickness of the root zone was assumed to be 20 cm in winter and 110 cm in the other seasons; 250 spatial intervals were used to represent profile discretization, adopting equally-sized compartments of dz = 1 cm. The time step size was allowed to vary between a minimum of 0.1 s and a maximum of 300 s, in order to minimize the computational effort required of the simulation in order to reach the convergence in the iterative solution of equation (1). The convergence criteria were chosen in order to ensure good accuracy for the water mass balance. These criteria were specified as the maximum allowed water content change between iterations, equal to 10 -5 cm 3 cm -3 , in the unsaturated part of simulated profile, while for the saturated part of profile, the convergence criteria switched to the maximum allowed pressure head difference between iterations, equal to 10 -3 cm.
Boundary conditions at the soil surface were defined as a Neumann-type prescribed flow condition, given by the observed rainfall specified at 5-min intervals. This assumption on surface inflow was judged reliable for the simulation, because surface ponding and runoff were never observed at the site, due to the high permeability of the top organic soil layer, which allowed most of the precipitation to infiltrate. The lower boundary of the simulation spatial domain was defined as the pressure head due to the observed fluctuating water table, specified at hourly intervals. Thus, the model adjusted the water fluxes across the lower boundary, ensuring that the specified water table values were attained. Finally, initial conditions were specified, assuming the initial water table position was about 1 m below soil surface, as observed at the start of the monitoring period, and the pressure head in the unsaturated part of soil profile varied according to hydrostatic equilibrium.
Parameter estimation and model calibration
Using the governing equations (1) to (9), imposing θ r = 0 for simplicity and with the constraint m = 1 -1/n, the solution of full water balance for each layer of spatial discretization required five model parameters (θ s , K s , α, n and l) to be estimated for water flow in the soil and eight parameters (veg, θ fc , θ w , L rd , K co , h ns , h d and h w ) to calculate water evaporation from the topsoil surface and the root water uptake. Both the water retention curves and the unsaturated hydraulic conductivity curves in the soil were estimated using data from three laboratory evaporation experiments (Tamari et al. 1993 , Arya 2002 . The strength of the evaporation experiments comes from the fact that the hydraulic properties were assessed from data gathered during a transient flow, which is close to the natural processes that occur in the field. As a result they estimate highly representative hydraulic parameters (Romano and Santini 1999) . However, only the desorption characteristics of the soil core samples under investigation could be obtained. The evaporation experiments were carried out using the experimental procedures described in Pirastru and Niedda (2010) . These procedures were applied, in a similar way, to three undisturbed soil core samples (300 cm 3 ): two sandy-loam textured (layers 1 and 2 of Table 1 ) and one loam textured (Layer 3), taken at depths of 0.1, 0.35 and 0.6 m in the profile.
In the range close to water saturation, the hydraulic conductivity of the topsoil was determined in the field, using a tension disc infiltrometer (disc of 20 cm diameter) (Angulo-Jaramillo et al. 2000) , which measured the stationary infiltration rates when we sequentially imposed, at the soil surface, pressure heads of -15, -10, -5 and -2 cm. The hydraulic conductivity, K(h), was calculated from infiltrometer data by means of the double-tension approach described by Ankeny et al. (1991) , using the Wooding (1968) analytical solution for steady-state flow from a circular source, written for two different hydraulic heads and the two corresponding water volume flux rates of infiltration.
The soil parameters of the θ (h) and K(h) functions (namely θ s , K s , α, n and l) of top sandy-loam horizon (Layer 1) were obtained by simultaneously fitting equations (2) and (3) to the water retention data points obtained in the laboratory and the hydraulic conductivity data points obtained both in the laboratory and in the field, as shown in Fig. 3 (a) and (b) and reported in Table 2 , using the RETC program (van Genuchten et al. 1991) . The parameters of the θ (h) and K(h) functions in the second sandy-loam layer (Layer 2) and in the deep loam layer (Layer 3) were obtained in a similar way, by fitting water retention and hydraulic conductivity data points obtained in the laboratory. In the deep sandy-loam layer (Layer 4), where measurements of hydraulic properties were not available, the hydraulic parameters were imposed as equal to those of the sandy-loam Layer 2, which had similar physical properties.
The simulations using the soil hydraulic parameters estimated in the laboratory were found to be relatively poor and in need of improvement. As a result, and also in order to limit the number of calibrated parameters, we decided to further calibrate the hydraulic saturated conductivities of all soil layers. The parameters for determining the root water uptake and the topsoil evaporation (namely veg, θ fc , θ w , L rd , K co , h ns , h d and h w ) were also found by calibration of the model. The calibration procedure used observed data from 1 January 2009 to 1 January 2010, while data from successive years were used to validate the model. The simulations were run varying the parameters one at a time, visually comparing the simulated time series of water content at 0.25, 0.5, 0.75 and 1 m depth with observed soil moisture at the same depths, in order to provide an optimal description of the field data. Agreement between the simulated and measured data was also quantitatively evaluated using the Nash-Sutcliffe efficiency (NSE) (Moriasi et al. 2007) : where NSE is dimensionless; N is the number of data points; θ obs and θ sim are measured and simulated soil moisture at each depth, respectively; and the overbar denotes the mean value for the entire simulation period. The NSE ranges between -∞ and 1.0, with NSE = 1.0 being the optimal value.
Soil water balance and recharge evaluation
If a satisfactory match between simulated and observed soil water contents is obtained, the simulation results can be used to calculate the soil water balance and the vertical flux towards the water table. The soil water balance equation for the vertical soil profile can be written as follows:
where S is the change in soil water storage; P is precipitation; Q lat (= Q in -Q out ) is net lateral saturated flow of the domain; and E and TR are surface evaporation and plant transpiration, respectively. All terms are expressed as water height (mm). Because S, E and TR are simulated values, and P is observed, Q lat is calculated as a residual of equation (11), and can be used for the estimation of the vertical recharge, as shown below. The total recharge R tot (mm), i.e. the total gain or loss in groundwater storage, with respect to an initial time j ini (for example the start of a recharge season or of a rain event), can be expressed as: (12) where θ i,jini and θ i.j are nodal soil water content at the initial temporal instant and at a generic time j, and Nd gw is the number of saturated nodes at the initial time, or at time j, if the water table is lowered or increased, respectively. Finally, the recharge R (mm), defined as the water that percolates from the unsaturated zone to the saturated zone, is calculated as:
RESULTS
Observed data
Measured precipitation, soil water contents at depths of 25, 50, 75 and 100 cm, and groundwater levels observed in the experimental site are plotted in regime, with maximum values from autumn to spring and a period of lower values during dry summers. Rises in levels coincided with rainfall and increases in soil moisture, especially in winter periods, when the soil moisture was high and the groundwater table was close to the soil surface. This indicates that, in these periods, the rises in the groundwater levels are mainly caused by vertical processes in the unsaturated zone, such as infiltration and percolation. Nevertheless, in certain rain events of spring and summer periods, when the unsaturated zone was thick and the soil was dry, the rises in the groundwater table took place before deeper soil moisture changes, which suggests that, in such situations, the rises in levels are initiated by the lateral flow in the saturated zone. This was generated by the lateral head gradient in the groundwater, which started with recharge occurring in places where the unsaturated soil was thinner. The lateral movement of water in the saturated zone also plays a key role in determining the fast groundwater recessions after rainfall events in wet periods. In these periods, the high hydraulic gradients in the nearby stream zone caused groundwater to be discharged toward the incised channel, lowering the water table level to approximately the same height as the river bed. Observed data showed that the dynamic of the shallow groundwater greatly influenced the soil water content. During wet periods, the soil moisture at depths of 75 and 100 cm was almost always close to saturation, due to its proximity to the water table. Water content at 25 and 50 cm depths was generally lower than at other depths, and varied often, due to climate forcing. During intense rain events, TDR probes showed soil saturation, more frequently at 75 and 100 cm than at 25 and 50 cm depths, and this coincided with rises in the groundwater levels at those depths at the same time. Drying of the soil at depths of 25 and 50 cm started in March, while at 50 and 100 cm depths, it started about one month later. In spring, the soil moisture dynamics were characterized by a stepwise daily decrease in water content, due to daily evapotranspiration losses. This effect was more marked near the surface, where most of the plant root mass is concentrated, and due to evaporation from the top of the soil. During the three summer periods, the soil at 25 cm depth dried slowly, until a minimum water content of about 14% was reached. At the end of summer 2009, at 50, 75 and 100 cm depth, the minimum water content varied from about 19% to about 23%. In the two successive summers, at the same depths, the minimum water content was slightly lower than in the first year, probably because the lower groundwater levels caused a minor contribution of water in the first metre of soil.
Model parameters and simulation results
The experimental data of soil water retention and unsaturated hydraulic conductivity obtained in the laboratory for sandy-loam horizons (layers 1 and 2 of Table 1) are shown in Fig. 3(a) and (b) . The water retention and hydraulic conductivity data obtained in the laboratory for the deep loam horizon (Layer 3) were very similar to those of Layer 1, and are not reported, for conciseness. The nearsaturated hydraulic conductivity data for Layer 1, evaluated with the tension infiltrometer in the field, are shown in Fig. 3(b) . The results indicate that, in the measured range of pressure heads, there was a sharp increase in moisture close to saturation in the water retention curve of Layer 1, and this was not observed in Layer 2. Probably, this was the effect of the higher organic content of Layer 1 compared to Layer 2, which contributed to ameliorate the soil structure and to increase the water retention of soil near saturation. In Layer 1 unsaturated hydraulic conductivity decreased by about five orders of magnitude, passing from near saturation values to about 400 cm of tension. A similar trend was observed for Layer 2, but at the lower limit of measured pressure head range the hydraulic conductivity was one order of magnitude lower. The hydraulic parameters obtained by fitting equations (2) and (3), using the experimental data on water retention and hydraulic conductivity, are reported in Table 2 . It can be seen that the α parameters of layers 1 and 3 differ considerably from that of Layer 2. This depends on the differences in the bulk density and in the organic content, which principally influence the retention curve in the 0 to -33 kPa tension range (Ahuja et al. 1998 . Instead, only small differences in the n parameter were obtained among the soil layers. In fact, this parameter determines the slope of the retention curve principally at larger potential. In this part the water retention is mostly affected by the soil texture (van Genuchten and Nielsen 1985) , which varies little among the observed soil layers.
For layers 1 and 2 the univariate analysis of sensitivity (Fig. 4) showed that slightly improved model performance is obtained when the K s parameter is increased. As shown in Fig. 4 and Table 2 , for layers 1 and 2, the optimal K s values were five times greater than those obtained from the fitting procedure. These differences are probably due to uncertainty in determining the saturated hydraulic conductivity values in the fitting procedure. The latter were, indeed, estimated by extrapolating the pattern of the unsaturated conductivity values to a zero pressure head value. However, few measurements were available that would have helped to define the fitting process for near-saturation pressure heads, where, as shown by Clothier and Smettem (1990) and Jarvis et al. (2002) , the structural macropores of soil can increase hydraulic conductivity by several orders of magnitude. In contrast to what happens for the upper soil layers, for layers 3 and 4 the univariate analysis of sensitivity (Fig. 4) showed that improved model performance is obtained when the K s parameter is decreased. As shown in Fig. 4 and Table 2, in Layer 3 the optimum value of K s was 50% of that from the fitting procedure, and in Layer 4 it was 30% of the K s estimated in Layer 2, which was used as the starting value. In layers 3 and 4, the calibrated K s values were probably lower than the initial K s , because the latter were estimated in soil samples taken in the upper part of the profile. However, they are also used to simulate the water flow in the deeper part of profile, where the soil is less permeable due to compaction.
Calibrating the flow model showed that unique values for parameters veg and K co were not sufficient to simulate the impact of evaporation and root water uptake on soil moisture, and so, in line with the work of Allen et al. (1998) , time-varying values were used. As shown in Fig. 5 , we used veg = 0.6, 0.9 and 0.1, and K co = 0.7, 1.35 and 0.2, respectively, in the initial, mid-season and late season of each year. The univariate analysis of sensitivity showed that the most sensitive vegetation parameter was the K co of the mid-season. The analysis indicated that using K co < 1.0 led to a significant deterioration of the model performance. Finally, the water evaporation thresholds θ fc and θ w were set at values of 0.3 and 0.13, respectively, after calibration. The tension stress thresholds h ns , h d and h w were set at -10, -300 and -5000 cm, respectively, in order to compute the plant transpiration.
The model with the parameter values reported in Table 2 was run from January 2009 to January 2012, and covered two complete hydrological years (September 2009 -September 2011 . The results from the simulation are plotted in Fig. 6 ; these were compared with the observed data and used to evaluate the reliability of the model. The NSE efficiency coefficient of simulation (equation (10)) was 0.86 for the calibration period and 0.82 for the validation period. The simulated soil water content closely followed the data observed in the field. The model well reproduced the main wetting events during rainy seasons and the marked drying of soil in summer periods.
Soil water balance and groundwater recharge
As a satisfactory match between simulated and observed soil water contents was obtained, the model results were used to elucidate the role of the lateral groundwater flow and the vertical recharge in determining the water table rises observed during the main rain events. The net lateral groundwater flow, Q lat , and the total groundwater recharge, R tot , were computed by applying equations (11)- (13) between the start of the rain event and the peak of groundwater level. The ratio Q lat /R tot was then used to assess the role of the lateral saturated flow in determining the groundwater rises. Figure 7 (a) and (b) shows that the Q lat /R tot ratio for the main rain events of the monitoring period was positive, which indicates that the lateral groundwater flow always contributed to increasing the groundwater level ( Q lat > 0; R tot > 0). Moreover, as shown in Fig. 7(a) , for initial groundwater depths of less than 1.5 m, the water table increased due to both the lateral groundwater flow and the vertical recharge ( Q lat > 0; 0 < Q lat /R tot < 1), and the latter generally became increasingly important as the groundwater depth decreased. However, for groundwater depths greater than 1.5 m, water balance computations indicated that only the lateral groundwater flow contributed to recharging the groundwater ( Q lat > 0; Q lat /R tot > 1), and that a portion of this was lost as upward flow towards the unsaturated soil zone (R < 0). the unsaturated soil zone at the start of rain events. In such cases, the analysis showed that the lateral groundwater flow became increasingly important in determining the groundwater recharge as the soil moisture decreased. Figure 7 shows the values of the evapotranspiration (E+TR), lateral net groundwater flow Q lat and vertical recharge R, computed monthly on the basis of the model results for the hydrological years 2009/10 and 2010/11. For these periods, the cumulated annual values of the same variables are reported in Table 3 . The cumulated lateral net groundwater flow was about -76 mm in the hydrological year 2009/10 and -369 mm in the hydrological year 2010/11, indicating that at the end of each period the profile lost water laterally via groundwater. Similar values, but of the opposite sign, were computed for the cumulated vertical recharge, R, indicating that almost all the vertical recharge was lost through saturated lateral outflow. This lateral water movement is mostly due to the high hydraulic gradients that originate in the nearby stream zone after precipitation events, and cause the groundwater to be discharged toward the incised channel. In the first hydrological year, the vertical recharge was about 13% of precipitation, while in the hydrological year 2010/11 recharge was 50% of precipitation. Moreover, as can be seen in Fig. 8 , the vertical recharge (R > 0) is for the most part concentrated between November and April in each hydrological year. The larger recharge coefficient calculated in the hydrological year 2010/11 can be ascribed partly to the characteristics of precipitation in this year, which are more intense and concentrated over time than in the previous year, and partly to the different dynamics of the water table observed with respect to the hydrological year 2009/10. To be more precise, during the wet period between November 2010 and April 2011 (which, as mentioned above, coincided with the recharge season), the water table levels were generally higher than in the same period of the preceding hydrological year: the mean observed groundwater depth was 125 cm; about 36% of the time the water table was above this mean depth, and 25% of the time it was above the first metre of depth. During the wet period between November 2009 and April 2010, the mean observed groundwater depth was 135 cm, the water table was above the mean depth about 30% of the time, and only about 8% of the time above the first metre of depth. The shallowest water table observed in the wet period of hydrological year 2010/11 favoured a more efficient conversion of precipitation into vertical groundwater recharge in this period. This is because the shallow groundwater increases the soil moisture in the unsaturated zone due to capillary rise. Therefore, the greater part of water infiltrated is not strongly retained by the superficial soil layers, and travels down to recharge the groundwater. This downward water flux is favoured by the hydraulic conductivity of the unsaturated soil zone, which increases rapidly as the groundwater approaches the soil surface.
As shown in Fig. 9 , the simulated mean hydraulic conductivity of the unsaturated zone increased by one order of magnitude as the groundwater rose from 200 to 100 cm depth, and increased by two orders of magnitude as it passed from 100 cm depth to near the surface. The relationship between the hydraulic conductivity and groundwater depth was also roughly in agreement with what was expected, assuming a hydrostatic pressure head profile in the unsaturated zone. These results indicate that, in this flood plain with a shallow water table, the water table depth plays a key role in determining the ability of the unsaturated soil zone to recharge the groundwater.
CONCLUSIONS
This work shows the results of the analysis of the main hydrological processes involved in the water balance of a soil profile situated in an alluvial flood plain with a shallow water table. The investigation integrated the field data of soil moisture and groundwater levels, collected continuously during a three-year period, and the results from a 1D Richards model, which simulated the variably-saturated vertical water flow in the soil.
The analysis showed that the soil water balance is influenced by the infiltration, evapotranspiration and water percolation in the unsaturated zone, and by the lateral saturated flow through the aquifer. These processes act simultaneously and influence each other. In the unsaturated zone, the superficial soil moisture was due mainly to the infiltrated precipitation and evapotranspiration, while, in the lower part of the soil profile, the moisture dynamic was mainly due to the water exchanges with the shallow groundwater. The potential ability of the unsaturated soil zone to recharge the groundwater depended mainly on its moisture state and on its hydraulic conductivity. The simulations indicated that, in this flood plain, the mean hydraulic conductivity of unsaturated soil was generally correlated to the groundwater depth, and increased by several orders of magnitude as the water table approached the surface. This result suggests that the groundwater vertical recharge is controlled by the water table depth, especially when the groundwater is close to the soil surface.
The water table depth varied due both to the lateral flow in the saturated zone and to the vertical recharge from the unsaturated zone. Computation of the water balance showed that the relative contribution of these flows during water table rises varied significantly, and depended on the initial soil moisture content and the groundwater depth. In this respect, vertical recharge is the dominant process when the groundwater table is close to the soil surface and when the soil is wet. Conversely, the lateral saturated flow becomes more important as groundwater depth increases, and below certain water table depths it is the sole contributor to recharging the groundwater. The lateral groundwater flow also plays a key role in determining the fast groundwater recessions observed after the rain events. The groundwater discharged towards the adjacent incised channel, due to the high hydraulic gradients in the nearby stream zone. The water table level fell approximately to the height of the river bed, which controlled the groundwater levels in the flood plain.
The calculated vertical recharge was about 13% of precipitation in the hydrological year 2009/10 and 50% of precipitation in the hydrological year 2010/11. The difference in these recharge coefficients was caused partly by the different precipitation in the two years and partly by the higher groundwater levels in the wet period in the second hydrological year. Indeed, in this period, the lower depth of the water table resulted on average in major soil moisture and hydraulic conductivity in the unsaturated zone, causing a more efficient conversion of precipitation into groundwater recharge.
The results of this work indicate that, in flood plains, a shallow groundwater table plays a key role in controlling the hydrological processes that occur in the soil. Groundwater dynamics are an important source of temporal variability in soil moisture and in the vertical recharge process. This implies that when the water balance in similar shallow groundwater environments is investigated, the interactions between the processes in the unsaturated zone and the groundwater must be properly taken into account. Several authors (Jung et al. 2004 , Krause and Bronstert 2007 , Macpherson and Sophocleous 2004 have shown that in flood plains the groundwater also exhibits a complex spatial pattern, as a result of water exchanges between the flood plains and adjacent valleys and streams. More research is therefore required to investigate the combined effects of both the temporal and spatial variability of water table levels on the groundwater recharge, in order to gain a better understanding of the hydrological processes involved in flood plains. For this purpose, we believe that the proposed methodology for the computation of soil water balance can be usefully applied. The calibration of the model on the basis of the soil moisture records allowed improvement of the model performance, although there was a small impact of the parameter calibration on the computed groundwater recharge. In the two simulated hydrological years, the optimization of the model performance determined a decrease of two percentage points of the computed recharge, compared to the case where soil moisture records were not used. This provides some degree of reliability to the proposed methodology for the estimation of the recharge in this well-instrumented flood plain with shallow water table, and also in other similar sites where soil water data are not available.
